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Abstract 
Previous research on the interdependence among crude oil prices focused mainly on the long-term equilibrium of the 
bivariate oil prices, ignoring the time-varying dynamic correlation of the multivariate oil prices. This paper proposes 
a study framework that combines grey relation analysis (GRA) and complex network theory to reveal the 
interdependence among oil price fluctuations from the one-to-one to many-to-many perspective. We used 26 groups 
of weekly oil price time series involving OPEC and non-OPEC oil spot prices and global representative oil future 
prices as empirical data. We attempted to characterize the oil price fluctuations’ spread and interdependence before 
and after the global financial crisis and analyze possible leading roles. Our main findings focused on the changes 
before and after the global financial crisis. First, the GRA results showed the interdependence among oil price 
fluctuations is strengthened, which indicated the globalization characteristic of oil price fluctuations. Second, the 
general characteristic of oil price fluctuations’ interdependent network showed the global oil prices tend to be more 
obvious regional collectivization, and the average spreading path length of global oil price fluctuations becomes 
shorter. Third, the nodes’ characteristic of network showed the number of the leading and intermediary oil prices are 
reduced, particularly, the role of the WTI and Brent oil future prices is relatively weakened. Fourth, the division of 
network community showed the more remarkable double characteristics both of the globalization and regionalization 
of global oil price fluctuations. These findings provide a novel perspective to understand the oil market before and 
after the global financial crisis. 
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1. Introduction 
Crude oil price, as a significant embodiment of crude oil trade, reflects the characteristics of oil market. 
The interdependence among global oil prices reveals the interaction of various oil trading streams in 
global market. With the difference of globalization and regionalization development of the oil trade, the 
oil market respectively shows the global and regional characteristics. Learning the global and regional 
characteristics of the interdependence among various oil prices is important to understand the oil market. 
Adelman [1] suggested that we investigate the world crude oil market as a whole, representing “one great 
pool”. Weiner [2] argued that we should study the transmission mechanism between crude oil prices from 
various production fields based on the perspective of globalization. In contrast, based on the regional 
market, the volatility of every oil price from a regional market was highly interdependent with others [3]. 
Because the oil price fluctuant series is a type of non-stationary and nonlinear time series, it is necessary 
to combine it with at least two sets of time series to reveal the global or regional volatility characteristics 
[4]. 
Due to the difference of various oil price fluctuations, learning the interdependence among global oil 
prices need to discover the interaction of different oil prices from the one-to-one to many-to-many. 
Hammoudeh et al. [5] revealed the long-term volatility coherence among various oil prices via a 
cointegration analysis. Fattouh [6] used a local unit root analysis to find the volatility difference among 
various oil prices. However, the existing studies of the interdependence among various oil prices focused 
on only the long-term equilibrium of the bivariate one-to-one oil prices, ignoring the time-varying 
dynamic correlation of multivariate many-to-many oil prices. The grey relation analysis (GRA), proposed 
by Deng [7], can reveal the dynamic characteristic of the interdependent relationship. Different from the 
econometric and financial models, GRA can discover the geometric relationships between time series data 
based on the dynamic geometry tendency of time series in the relational space to measure the relative 
influence of the compared series on the reference series. In the process of GRA, it has no requirements of 
a particular statistical distribution of sample data such as a normal distribution to avoid the problem of 
data applicability, and there is no the process of parameter estimation. So GRA of time series data avoids 
several analysis errors, such as the type ĉ or Ċ statistical error. The average grey relation degree (AGRD) 
indicates the interdependence between different oil price time series. The complex network theory, in 
particular, is a very popular method to analyze system phenomena and problems and has been used in a 
wide range of empirical research in various fields, such as biology [8], social sciences [9], and economics 
[10]. The network based on the AGRD can reveal the many-to-many system characteristics of 
interdependence of various oil prices. 
This paper proposed a study framework that combines GRA and complex network theory to reveal the 
interdependence among crude oil prices from the one-to-one to many-to-many relationships. We 
attempted to characterize the oil price fluctuations’ spread and interdependence during the global financial 
crisis and analyze possible leading roles. Our empirical analysis focused on the changes before and after 
the global financial crisis.  
2. A Study Framework of Grey Relation Network Analysis 
The Study Framework of Grey Relation Network Analysis consists of three main parts. The first part is 
to employ the GRA to calculate AGRD between different oil prices. Then, we achieved the AGRD matrix. 
The ranking result of the oil price pairs based on the AGRD matrix can reveal the general characteristic of 
the interdependence of crude oil price fluctuations from the perspective of the one-to-one regional 
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characteristic. The second part is to construct the network based on the AGRD matrix. We employed the 
different oil prices as the vertices V and the interdependence between different oil prices as the edges E. 
By seeking for the best ratio of the graph density and modularity, we determined the threshold to filter the 
grey relation degree matrix as the weight of the edges. Then, we employed the general network 
parameters (the Average Weighted Clustering Coefficient (AWCC) and the Average Path Length (APL)) 
to reveal the general characteristics of oil price fluctuations’ interdependence network, and node 
characteristic parameters (the Eigenvector Centrality (EC) and Betweenness Centrality (BC)) to reveal the 
role of the different oil prices from the perspective of many-to-many global characteristic. The last part is 
to employ the community division algorithm [11] to divcover the sub-network in the oil price 
fluctuations’ interdependence network, which can reveal the double characteristics both of the 
globalization and regionalization of global oil prices. 
3. Empirical Results and Discussion 
3.1. Data and preliminary description 
According to the trend of global oil price, the oil price began to enter the high shock period in 1999. 
Due to the complexity of influencing factors, the oil price will retain this characteristic for a long period 
of time. Thus, we chose the period from 1999 to 2011 as our research emphasis. We used 26 groups of 
weekly oil price time series involving OPEC and non-OPEC crude oil spot prices and global 
representative oil future prices as empirical data. To discover the changes before and after the global 
financial crisis, we divided the empirical data into two periods before and after 15 July 2008, the point at 
which oil prices started to decline markedly after a significant rising track, shortly before the crisis hit its 
most critical stage in September 2008 [12]. 
By calculating the AGRD matrix among different oil price time series, we found that the overall 
AGRD of the oil price fluctuations’ interdependent network after the global financial crisis (0.8792) is 
greater than that before the global financial crisis (0.8173), which indicates that the interdependence of the 
one-to-one regional oil price fluctuations tends to be stronger after the global financial crisis. According to 
the ranking result of the oil price pairs, we found the characteristics of the one-to-one regional 
interdependence as follows.  
Before the global financial crisis, the oil price fluctuations’ interdependence China-Indonesia in non-
OPEC is strongest, the United Arab Emirates (UAE)-Qatar and Nigeria-Algeria in OPEC are relatively 
stronger. The stronger interdependence such as Norway-Algeria, Norway-Nigeria, Oman-UAE and 
Oman-Qatar indicate the possible existence of the important oil price fluctuations’ spread between the 
OPEC and non-OPEC. The interdependence between the future and spot oil price fluctuations showed that 
the role of Brent is greater than WTI. The stronger interdependence such as Brent-Norway, Brent-Algeria 
and Brent-Nigeria indicates the possible existence of the important oil price fluctuations’ spread between 
the future and spot oil price fluctuations. In contrast, the oil price fluctuation of Mexico is relatively 
independent.  
After the global financial crisis, the oil price fluctuations’ interdependence between China and 
Indonesia is weakened, and that between China and OPEC’s member states is strengthened. The 
interdependence Russia-Egypt is strongest in non-OPEC, the Libya-Iraq, Nigeria-Angola, UAE-Qatar and 
Nigeria-Algeria are in OPEC are relatively stronger. The member states’ internal interdependence of the 
OPEC and non-OPEC is respectively strengthened, which is from 0.8072 to 0.8641 and from 0.8262 to 
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0.9062. The interdependence between the OPEC and non-OPEC is also strengthened from 0.8159 to 
0.8874. The stronger interdependence such as Egypt-Iraq, Egypt-Libya, Oman-UAE, Norway-Algeria and 
Oman-Qatar indicate the possible existence of the important oil price fluctuations’ spread between the 
OPEC and non-OPEC. The role of Brent is strengthened from 0.8394 to 0.9023, and the role of WTI is 
weakened from 0.8061 to 0.7791. In particular, the oil price fluctuation of Canada is relatively 
independent. 
3.2. Grey relation network analysis 
To provide more credible evidence for investigating the oil price fluctuations’ spread and 
interdependence before and after the global financial crisis and analyzing possible leading roles, we 
constructed the global oil price fluctuations’ interdependent network based on the AGRD matrix. By 
calculating the general network parameters, we found that the AWCC is increased from 0.5721 to 0.7023 
after the global financial crisis, which indicates that the degree of collectivization of the global oil price 
fluctuations is strengthened and the regional groups of the global oil prices with the similar 
interdependent relationship are becoming more and more significant. The ALP become shorter from 
1.9412 to 1.4071 after the global financial crisis, which indicates that the spreading path among the global 
oil price fluctuations is becoming shorter and shorter and the possible shortest spreading path is only 
needed to pass the different oil prices of two regions. 
By calculating the node characteristic parameters, we selected the important nodes, the EC of which is 
greater than 0.6, and by considering the number of the triangle groups constructed by the nodes, we found 
the key spreading path of the global oil price fluctuations, which play the leading roles in the spread 
process of the oil price fluctuations.  




After the global financial crisis:  
Algeria(OPEC)ÆNorway(non-OPEC)ÆNigeria(OPEC)ÆLibya(OPEC)ÆIraq(OPEC)ÆEgypt(non-
OPEC)ÆAngola(OPEC)ÆRussia(non-OPEC) 
According to the BC of the nodes, we found the oil prices being the spreading intermediary roles, 
which is possible reason for the change of the spreading path of the global oil price fluctuations. Before 
the global financial crisis, according to ranking of the BC, the intermediary oil prices mainly consist of 
Angola(OPEC), Brent, Algeria(OPEC), WTI and Libya(OPEC). After the global financial crisis, the 
intermediary oil prices mainly consist of Norway(non-OPEC), Algeria(OPEC) and Nigeria(OPEC).  
By dividing the communities of the global oil price fluctuations’ interdependence network, we found 
the sub-network structures before and after the global financial crisis, which are shown in Fig.1. 
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(a)                                                                                             (b)  
Fig. 1. Study Framework of Grey Relation Network Analysis (a) before the global financial crisis (b) after the global financial crisis 
From the comparative analysis, we found that the sub-network structure from the many-to-many global 
perspective supports the findings of the characteristics of the one-to-one regional interdependence. For 
instance, before the global financial crisis, the strongest one-to-one regional interdependence China-
Indonesia in non-OPEC forms a sub-network, and other stronger interdependence UAE-Qatar, Nigeria-
Algeria, Oman-UAE and Oman-Qatar also form a remarkable sub-network. The intermediary oil prices 
such as Angola(OPEC), Brent, Algeria(OPEC), WTI and Libya(OPEC) should be respectively considered 
as the key spreading nodes among different sub-networks. After the global financial crisis, the strongest 
interdependence Russia-Egypt in non-OPEC, the Libya-Iraq in OPEC and the Egypt-Iraq, Egypt-Libya 
between non-OPEC and OPEC form a relatively stronger sub-network. The intermediary oil prices such 
as Norway(non-OPEC), Algeria(OPEC) and Nigeria(OPEC) are divided as one sub-network, which 
indicates that the intermediary oil prices not only perform an important connection function between 
different sub-network, and also form relatively stronger sub-work each other. 
In particular, after the global financial crisis, the oil price fluctuations’ interdependence of OPEC 
member states of Africa is strengthened, and that of the Gulf region tends to be more obvious 
differentiation. The oil price fluctuations’ interdependence between Brent and OPEC member states is 
strengthened, while the role of WTI is relatively weakened. 
4. Conclusion 
To better understand the oil market, our study focused on the interdependence of the global oil price 
fluctuations. Different from the previous research, which is focused mainly on the long-term equilibrium 
of the bivariate oil prices, we proposed a study framework that combines GRA and complex network 
theory to reveal the interdependence among oil price fluctuations from the one-to-one to many-to-many 
dynamic multivariable correlations perspective. Based on the changes before and after the global financial 
crisis, we found the leading oil prices and the key spreading path, which show the spreading 
characteristics of the global oil price fluctuations. The more remarkable global and regional 
characteristics of the global oil price fluctuations such as the stronger interdependence and the more 
obvious regional collectivization imply the double development tendency of the globalization and 
regionalization of the oil trade in the global oil market. Our study provide a novel perspective for the 
future research on the oil market. 
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